One method to assess environmental effects from industrial emissions to coastal and inland waters, e.g. from pulp and paper industries, is to quantify these emissions with mass balance models. In this study six different mass balance models for phosphorus with varying degrees of complexity have been tested in 11 Swedish coastal areas. The majority of these areas are recipients of pulp and paper industries. The accuracy of model predictions of phosphorus and chlorophyll is evaluated and compared between models. The results imply that for the included water bodies, models containing state variables for phosphorus in surface water and deep water are superior to models treating the water column as a completely mixed entity. The results do not justify the separation of phosphorus into dissolved and particulate fractions, but for chlorophyll predictions the results were significantly improved when phytoplankton was included as a state variable. Unless detailed descriptions or predictions of chlorophyll dynamics are required, modelling eutrophication in coastal areas may be considered as a matter of total phosphorus in two water compartments plus sediments.
Introduction
Eutrophication models may be used to describe and evaluate the function of aquatic systems, and to predict the response of these systems to, e.g., human activities and climate change. Prediction may also include estimation of the natural background concentration of nutrients. Indeed, the EC Water Framework Directive requires a definition of "good ecological status" for all water bodies within the union, which is often interpreted as being close to natural background conditions with anthropogenic influences eliminated (i.e. reference conditions). Once defined, achieving good ecological status may include employing predictive models to evaluate the efficiency of different remedial measures.
There are several possible symptoms of eutrophication in aquatic systems, but the primary effect is generally high production of phytoplankton due to large supply of nutrients. Secondary effects may be reduced water clarity, disturbed littoral vegetation and hypolimnetic anoxia. In Baltic coastal areas phosphorus is normally the limiting nutrient, although nitrogen may limit production locally and occasionally (Granéli et al., 1990) . Several factors determine the nutrient supply, including point sources, diffuse terrestrial sources and ambient conditions in surrounding marine areas. Many types of model potentially relevant for eutrophication studies exist, ranging from single-box models describing whole ecosystems, with one or a few state variables, to spatially distributed hydrological models based on partial differential equations. Coastal areas which are little exposed to adjacent marine environments may behave more or less like lakes, making possible use of the rich flora of lake eutrophication models in these systems. From a management perspective, complex systems such as Baltic coastal areas may be more predictable on a monthly or yearly basis than on short time scales, integrating the effects of non-predictable (but regularly appearing) climatic events.
Models predicting average conditions within clearly defined and confined water bodies (e.g. Håkanson et al., 2004b) also integrate spatial variation and are especially useful for estimating effects of increasing or reducing anthropogenic emissions of nutrients and other substances. Models with few state variables and low spatial and temporal resolution are generally more accessible to end users and require less effort to calibrate and validate.
There have been attempts to determine appropriate levels of complexity in aquatic models both theoretically (e.g. Håkanson and Peters, 1995; Jørgensen et al., 1995; Monte, 1996) and in practice (e.g. Canale and Seo, 1996; Seo and Canale, 1996) . Since aquatic systems are complex, it is logical that models describing them are complex too. The dilemma is, however, that complex models generally need many model coefficients, and each of these coefficients is uncertain, introducing errors that perturb model calculations. This leads to the question of the optimal level of model complexity. This level is not easily determined, but needs to be pursued for each problem individually.
In this work we analyse the reliability of six different phosphorus models for coastal areas. The models also predict chlorophyll, assuming that primary production is limited by phosphorus. The investigated models differ mainly in the number of state variables. The same algorithms are used for common processes such as sedimentation, resuspension and exchange with the bordering sea. The model performances are evaluated for 11 different coastal areas, and the models are calibrated individually for each system. By doing so, the result is not dependent on the parameter estimation, but the problem of the optimal number of state variables is addressed exclusively.
Methods

Study areas
Eleven coastal areas located along the Swedish east coast were chosen for this study. The main criterion for inclusion was data availability. Data were collected from various monitoring programs, normally with monthly or bimonthly sampling. Most data is available on demand from authorities and water associations. A majority of the areas (9 out of 11) are pulp and paper industry recipients. Morphometric information and boundaries for the different water bodies were obtained from SMHI (2003) . The topographic openness (exposure) towards the sea is calculated according to Persson et al. (1994) . The morphometry of the 11 coastal areas is given in Table 1 .
Monitoring data is generally based on single measurements a few times per year, at best once per month. To get reliable values, representing typical conditions on a monthly basis, therefore requires data from several years. We have used data from several (between four and ten) years to obtain empirical representative values to drive the models and to compare with model outcome. Each coastal area is thus characterized for a typical year, disregarding any time trends in the data. Since both driving variables and variables used for calibration are obtained for the same time period they should be compatible.
Annual mean values of water quality data for the included coastal areas are given in Table 2 . For chlorophyll the average maximum value is given and for oxygen concentration the average minimum value in the hypolimnion is given. For Secchi depth the summer mean value is given in Table 2 . The border between surface water and deep water (the critical depth; see Håkanson et al., 2004a) was found by inspection of the data and by the equation for the wave base (Håkanson and Jansson, 1983) . Normally, temperature stratification and chemical gradients are found near the wave base (Håkanson et al., 2004a) , and in the datasets used here it was generally possible to locate this critical depth within a few metres. Samples near the critical depth were excluded. For some of the areas no distinction was made between surface water and deep water, since the wave base was located below the maximum depth.
Models
Six different mass balance models for phosphorus (P) with varying numbers of state variables were tested. Depending on the state variables, different processes redistributing phosphorus are included in the models. State variables and included processes are summarized in Table 3 for the six models. Structurally model 1 is very similar to Chapra's (1977; reported in Seo and Canale, 1996) total phosphorus model for lakes, and model 5b resembles Imboden's (1974) phosphorus model. The system of ordinary differential equations is solved numerically in the commercial software STELLA. The models were supplied with driving variables monthly, but the numerical time step was shorter (0.05 months) to get stable solutions.
The tributary inflow includes all identified terrigenous sources, basically transported by rivers. It also includes point sources. Available data on river runoff (Q river ) and total phosphorus (TP) concentration in the tributaries have been used. When applicable (models 5b and 5c) a given proportion of the inflowing P is assumed to be particulate (PP) and the rest is dissolved (DP).
The inflow from the sea is normally the largest single inflow of nutrients to Baltic coastal areas. It is given by multiplication of the phosphorus concentration in the sea outside the coastal area and the water flow across the boundary. Measured nutrient concentrations from monitoring stations outside each coastal area have been used. The outflow to the sea is given by multiplication of the simulated amount of phosphorus in the surface water (or in the total volume in the simpler models) divided by the water retention time. Equations for inflow and outflow from/to the sea are given by Håkanson et al. (2004b) . By definition, only particulate phosphorus (PP) is subject to settling. In the models where PP and DP are not separated, the sedimentation flux is multiplied with 0.56 to correct for the particulate fraction. The particulate fraction of P is known to vary less than, e.g., nitrogen and is generally close to 0.56 (Johansson et al., 2001) . The settling P is distributed between A-sediments (i.e. areas of fine sediment accumulation) and ET-sediments (i.e. areas of sediment erosion and transport). The proportions of A-and ET-sediments are determined from the equation for the wave base (Håkanson and Jansson, 1983) . The sediment area below the wave base is assumed to be A-sediments and the sediments above the wave base are defined as ET-sediments. By definition, resuspension only occurs on ET-areas. Equations for sedimentation and resuspension are given by Håkanson et al. (2004b) .
Diffusive release of molecular phosphate (DP in the model) occurs on the areas below the wave base where anoxia may appear. It is calculated in the model as a constant rate modified by dimensionless moderators for hypolimnetic oxygen and temperature. Burial, i.e. downward transport in A-sediments due to deposition of material, is given by the sedimentation flux. This means that the sedimentation accumulation (cm·month 21 ) has to be determined. Phosphorus sedimentation is assumed to be a constant proportion (0.2%) of the gross sedimentation. See Malmaeus and Håkanson (2004) for further explanation of the diffusion and burial. Mineralization of particulate P into dissolved P in the water mass is related to temperature and the mixing between surface water and deep water is regulated by temperature stratification. The biouptake of P by phytoplankton is regulated by the available phosphorus and by light conditions (estimated from the latitude). P is released from the phytoplankton compartment at a constant rate. Equations for mineralization, mixing, biouptake and release are given by Malmaeus and Håkanson (2004) .
Chlorophyll concentration is calculated directly from TP concentration in models 1, 2a and 2c using a regression against TP (Karlsson, 2004) . For models 5a, 5b and 5c, the chlorophyll concentration (mg·L 21 ) is estimated from the amount of P in the phytoplankton compartment (see Håkanson and Boulion, 2002) .
Model testing
The six models were calibrated against empirical data for the 11 coastal areas individually with respect to total phosphorus concentration in surface water and chlorophyll concentration. The calibration was performed using a trial and error method, assuming values of rates and constants until the deviation between modeled and measured values was minimized. After the model reached steady state (normally within one simulated year) monthly values were recorded. In model 1 only one constant (the sedimentation rate) was tuned, whereas nine parameters were tuned in model 5b. In models 1, 2a and 2c only phosphorus was considered in the calibration, since the chlorophyll predictions are entirely based on the TP concentration in these models. Models 5a, 5b and 5c were optimized with respect to both TP concentration and chlorophyll concentration. In the models where the water mass is divided into surface water and deep water, the models were optimized with respect to surface water concentration of TP. As far as possible, both the average concentration and the annual dynamics were considered in the optimization procedure.
Results and discussion
In Figure 1 empirical values are compared with values simulated by model 5b. Empirical uncertainties (95% confidence interval) are also shown. It is obvious that the uncertainty is much larger for the maximum values than for the mean values. The annual maximum values are the average concentrations of TP and chlorophyll, respectively, in the month with the highest mean value. The 1:1-lines are also given in the figure. If the fit between measured and modelled values was perfect, a least square regression would have the slope 1, intercept 0 and r 2 ¼ 1. A simple way to evaluate model performance is to calculate the actual slope and r 2 for a least square regression (with intercept fixed to 0) and measure the deviation from the ideal values (1 for both slope and r 2 ). A comprehensive investigation would also examine the outliers in the regression.
In Figure 2 slopes and r 2 -values for regressions between modelled and empirical values are given for the six models. Generally, the slopes are larger than 1, which means that modelled values tend to be lower than measured.
In Figure 2a statistics for regressions with all available empirical data on TP concentration in surface water are compared. In all, 86 data points are included, which means that data is missing from several months in several areas (ideally, 11 £ 12 ¼ 132 data points would be available). Models 2c, 5a and 5b achieved the best results in this case. Also in Figure 2b , where regressions for annual mean values are compared, the same models achieve the best results, and this is also true in Figure 2c where regressions for annual maximum values are compared. The r 2 -values are much higher for regressions using mean and maximum values than for regressions based on individual data.
In Figure 2d statistics for regressions between modelled and measured maximum values of chlorophyll concentrations are compared. Annual maximum values of chlorophyll are considered most relevant to compare, because annual or summer mean values are uncertain due to a frequent lack of data from several months. It must be stressed that the empirical maximum values of chlorophyll are rather uncertain for the same reason, and this is partly reflected by the wide uncertainty bands in Figure 1c . For maximum chlorophyll concentration, models 5a, 5b and 5c achieve the best results.
The most frequent outliers in the regressions are the areas Baggensfjärden and Söderhamnsfjärden. These areas are both productive areas and the models predict too low concentrations of phosphorus and chlorophyll. Erstaviken also appears frequently as an outlier. The difference in P concentration between Söderhamnsfjärden and the adjacent sea is very large, and it is likely that the models overestimate the water exchange in this area. The calculated exposure is rather big in this area, but the real topography may not maintain the water exchange predicted by the models. Baggensfjärden and Erstaviken are situated in the Stockholm archipelago and may have been subject to substantial P emissions historically. It is also possible that there are P sources present that are not known, e.g. private sewers, making the estimated P load too low. The deep water P concentrations in both these areas are high and the oxygen concentrations are among the lowest in the included coastal areas.
In summary, models 5a and 5b achieve the best results when both TP and chlorophyll are considered. In fact, model 5a performs slightly better than model 5b despite the fact that model 5b is more complete in terms of included processes. The difference between these models is rather small and may be an artifact of imperfect calibrations. However, if there is a choice it is generally preferable to select a simpler model before a complex model in order to minimize the number of uncertain model coefficients. If only phosphorus is considered, model 2c seems to be the optimal choice, being less complex than models 5a and 5b but performing equally well. The common feature for models performing well in simulating phosphorus concentration is the separation between surface water and deep water. These models also include P in ET-sediments and P in A-sediments as state variables. Including phytoplankton as a state variable yields chlorophyll estimations superior to estimations based on regression against total phosphorus concentration.
Conclusions
The model comparison in this work is entirely based on the possibilities to fit model outcome to empirical data. There is no validation of model performance for coastal areas or time periods not included in model calibrations. Rather, the models are calibrated separately for each area. The justification for this procedure is that the outcome does not depend on parameter estimations that may only be valid within limited domains. This also means that the present model versions have no predictive power until they are tested against independent datasets. They may still be used with caution to make quantitative judgments of the systems' responses to perturbations or to perform budget calculations. The conclusions made in this work, however, are related to the optimal size of phosphorus models in coastal areas.
The coastal areas included in this work cover a wide domain in terms of morphometry and water chemistry. The results imply that for these water bodies, models including state variables for phosphorus in surface water and deep water are superior to models treating the water column as a completely mixed entity. The results do not justify the separation of P into dissolved and particulate fractions, but for chlorophyll predictions, the results were significantly improved when phytoplankton was included as a state variable. This illustrates the fact that the choice of model structure must also be influenced by the problem formulation. Unless we are interested in detailed descriptions or predictions of chlorophyll dynamics, we may consider modelling eutrophication in coastal areas as a matter of total phosphorus in two water compartments plus sediments.
